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Abstract 1 
 2 
We are currently losing species at unprecedented rates. The primary driver is undoubtedly the 3 
rapid increase in human population numbers, with some secondary drivers including habitat 4 
destruction, urbanization, invasive species and climate change. In Africa, one of the more 5 
threatened habitat types is the savannah, which has been reduced in size to approximately 25% of 6 
its original size. The African lion, one of Africa’s most iconic species, is severely affected by 7 
this habitat loss. Lions are currently listed as Vulnerable by the International Union for 8 
Conservation of Nature (IUCN) Red List of Threatened Species over their range. In addition to 9 
habitat fragmentation and loss, lions are further affected by human-wildlife conflict, trophy 10 
hunting and poaching, a reduced prey base due to the bushmeat trade, and wildlife trade of their 11 
body parts for traditional medicines. In South Africa, captive breeding of lions has become a 12 
common practice with an estimated 7 000 lions in approximately 260 facilities. These lions are 13 
used for cub petting, walking with sub-adult lions and canned hunting; a large number of lion 14 
trophies are from lions on captive breeding facilities. Lions are a Convention on International 15 
Trade in Endangered Species of Wild Fauna and Flora (CITES) Appendix II species, and as such 16 
the international export and trade in lion parts are "controlled [to] avoid utilization incompatible 17 
with their survival". In general, captive breeding of wild animals is a conservation tool that can 18 
be used to increase numbers of wild animals by supplying reintroduction programmes with 19 
individuals, and ultimately increase genetic diversity. Captive breeding, however, has potential 20 
negative side-effects. Animals that are bred in captivity frequently show adaptation to captivity, 21 
and develop traits that favour captivity rather than a wild existence.  22 
The overall aim of this study is to assess the levels of genetic diversity present on four lion 23 
captive breeding facilities in South Africa. For this, a total of 126 lions from four breeding 24 
facilities in South Africa were included, and genotyped for 40 microsatellite markers. We are 25 
also able to use the information obtained from these four populations to understand how species 26 
may change over time in captivity, and what the overall impact may be of being isolated in 27 
small, closed populations over time. The levels of inbreeding in the four captive lion breeding 28 
facilities studied here was low, and ranged from -0.012 to 0.080, with expected heterozygosity 29 
values between 0.6 and 0.7. These results were somewhat surprising and indicated that even the 30 
smallest of the facilities, with only 11 animals as part of the overall breeding programme, 31 
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retained adequate levels of diversity. To assess whether there was any change in phenotypes, we 32 
took 25 measures from adult lions. Trophy hunting selects for animals with larger and more 33 
impressive phenotypes, while inbred animals often have diminutive phenotypes; information 34 
which may affect the suitability of captive lions as trophy animals (thereby alleviating the 35 
pressure on wild animals). The lions in these captive facilities displayed little phenotypic 36 
anomalies. Male lions in captivity weigh an average of 39 kg more compared to those in the wild 37 
and female lions in captivity weigh 26 kg more than lions in the wild. No significant correlation 38 
was found between the morphometric measurements and genetic diversity. Lastly we aimed to 39 
assess the impact that different translocation strategies will have on genetic diversity of lion 40 
populations (through simulations of hypothetical scenarios but using real data). One of the ways 41 
to counteract the negative effects of small populations is to introduce new genes into the 42 
population by means of translocations. In the absence of any translocations (the first simulated 43 
scenario), a steep increase in the loss of genetic diversity was evident. When multiple numbers of 44 
females and males were translocated, the loss of genetic diversity is slower. When single males 45 
or females were translocated between facilities, the loss of genetic diversity steadily increases 46 
over time. Our results confirmed that smaller populations lose genetic diversity (especially allelic 47 
diversity) at a much faster rate than larger populations.  48 
It has often been suggested that commercially-bred lions may eventually be used for 49 
reintroduction programmes to restore wild populations. As such, the present study adds valuable 50 
information to sometimes very difficult discussions on the value of captive breeding facilities in 51 
conservation efforts. What is clear is that the on-going monitoring of the genetic health of 52 
captive animals is crucial to ensure that if these animals are ever used in conservation efforts, 53 
only healthy lions are included. 54 
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Chapter 1 1 
Introduction 2 
 3 
The sixth mass extinction: 4 
There is much discussion about the earth’s sixth mass extinction event, referred to as the 5 
Anthropocene extinction (Pimm & Raven 2000, Barnosky et al. 2011, Dirzo et al. 2014, Ceballos 6 
et al. 2015, Ripple et al. 2017). Unlike the previous five mass extinction events, which were all 7 
naturally caused, this one is human induced (see Barnosky et al. 2011 for more details).The 8 
current extinction rate of species is around 100 to 1 000 times higher than the documented 9 
extinction rate before the interface of humans (Pimm et al. 1995). Especially worrying is that the 10 
number of species that have already been lost is underestimated given that many of these species 11 
have not yet been described (Dirzo & Raven 2003, May 2010). The main causes for the rapid 12 
loss of species include habitat destruction and fragmentation, which is directly linked to 13 
urbanization, over-exploitation, invasive species and climate change.  14 
The continuing growth in the human population size and their encroachment on the habitat of 15 
wild animals counts amongst the main contributors to the extinction of many species. Most of the 16 
habitats that are being destroyed are areas that contain high concentrations of biodiversity such 17 
as tropical forests, rivers, and coral reefs (Balmford et al. 2001, Van Hooidonk et al. 2016, 18 
Brodeur et al. 2017). As urbanization occurs, habitats become more transformed and eventually 19 
destroyed, resulting in a mass loss of species (Balmford et al. 2001). Natural habitats are further 20 
placed under pressure by extensive resource harvesting including mining, logging, and 21 
agriculture (WWF 2018). Rivers are primarily affected by pesticides and chemical runoff 22 
(Brodeur et al. 2017), and coral reefs are heavily affected by changes in the acidity of the oceans 23 
which causes bleaching (Van Hooidonk et al. 2016). Climate change also has a big effect on 24 
species distributions, resulting in range shifts both on land and in the ocean, as well as biological 25 
shifts in many birds, plants and reptile species worldwide (Pounds et al. 1999, Chen et al. 2011). 26 
In Africa, the savannah biome historically covered approximately 13.5 million km
2
. Due to 27 
increased population growth and resource use, the size of the savannah that is currently habitable 28 
for wildlife is only 3.4 million km
2
, close to 25% of its original size (Riggio et al. 2013).  29 
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Conservation efforts increasingly rely on iconic species to drive awareness. A case in hand is the 30 
African lion, Panthera leo. The African lion (hereafter referred to as lion) is one of Africa’s most 31 
iconic animals that, as a flagship species, attracts a great deal of attention and conservation 32 
funding (Antunes et al. 2008). Being a top predator, it is a keystone species and any conservation 33 
efforts directed at lion indirectly benefits sympatrically occurring species that are often 34 
overlooked (Mills et al. 1993).  35 
 36 
The African lion and its IUCN global conservation status: 37 
Over the past decades, the number of lions in Africa has declined notably outside protected areas 38 
(Bauer et al. 2003, Bauer & Van Der Merwe 2004). A recent study by Riggio et al. (2013) 39 
attempted to estimate the number of wild lions in Africa by combining various methods 40 
(including previous lion population data assessments and surveys, and mapping areas where 41 
lions occur on the World database of Protected Areas). This resulted in estimates of 42 
approximately 32 000 wild lions in fragmented populations in Africa with an irregular 43 
distribution across many countries. Over their entire range, lions are listed as Vulnerable by the 44 
International Union for Conservation of Nature (IUCN) Red List of Threatened Species (Bauer 45 
et al. 2016). However, regionally their status differs considerably. For example, in South Africa 46 
they are listed as Least Concern (Miller et al. 2016) but in West Africa they meet the criteria of 47 
Critically Endangered (Bauer et al. 2016). Lions currently occupy only a small percentage 48 
(approximately 8%) of their historical global range, which included Europe, Asia and most of 49 
Africa (Bauer et al. 2016). In Asia, they currently occur only in the Gir Forest National Park and 50 
Wildlife Sanctuary in India (Nowell & Jackson 1996, Bauer et al. 2016, Ceballos et al. 2017). 51 
Various factors have contributed to the decline in lion numbers. These include habitat loss, 52 
human-wildlife conflict due to pastoralism, trophy hunting and poaching, and a reduced prey 53 
base due to the bushmeat trade (Bauer et al. 2003, 2016, Woodroffe & Frank 2005, Lindsey et al. 54 
2007, Whitman et al. 2007). Lions are frequently in contact with human settlements and 55 
livestock outside protected areas which often results in illegal hunting, snaring, and poisoning 56 
(Ikanda & Packer 2008, Bauer et al. 2010). A new threat to lions is the wildlife trade, as their 57 
body parts and bones are sought after in Asian countries for use in traditional medicines.  58 
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Captive breeding facilities in South Africa hold an estimated 7 000 lions in approximately 260 59 
facilities for tourism purposes (Scientific Authority of South Africa 2018), such as cub petting, 60 
walking with sub-adult lions as well as canned hunting (Schroeder 2018). Lions are listed as an 61 
Appendix II species according to the Convention on International Trade in Endangered Species 62 
of Wild Fauna and Flora (CITES), which means that the international export and trade in lion 63 
parts are "controlled [to] avoid utilization incompatible with their survival" (see 64 
https://www.cites.org/eng/disc/how.php). Lions are mainly traded for hunting trophies and 65 
skeletons to substitute the endangered tiger bones used for medicinal purposes (Williams et al. 66 
2017a). In South Africa, the Department of Environmental Affairs, after consulting various 67 
scientific authorities, originally allowed for an export quota of 800 lion skeletons to Asian 68 
countries in 2017 (Department of Environmental Affairs 2017, Williams et al. 2017b). In 2018, 69 
this export quota was increased to 1 500 lion skeletons (Department of Environmental Affairs 70 
2018a), however this was opposed by many in the scientific community and was therefore 71 
decreased back to 800 lion skeletons (Department of Environmental Affairs 2018b). The 72 
reasoning behind this export quota is that there is an adequate amount of lions in captivity and 73 
therefore the export of their bones would not be impacting any wild lion populations, a statement 74 
which has been highly controversial (Abbott & van Kooten 2011, Lindsey et al. 2012, Williams 75 
et al. 2015, Tensen 2016). 76 
 77 
The trophy hunting industry: 78 
Trophy hunting is a regular practice worldwide; it involves selecting individuals with the most 79 
desirable phenotypes (be that for large body size, long horns or excessive manes (Pigeon et al. 80 
2016, Ripple et al. 2016). A large industry has evolved around professional hunting companies 81 
that offer hunters the opportunity to hunt in their countries at a fixed cost (Lindsey et al. 2007). A 82 
quick search on Google for hunting companies in Africa will bring up many results promoting 83 
lion hunting safaris, with costs all indicated in dollars or are only available on request. In Africa, 84 
trophy hunting has increased in recent years in terms of revenue generated, the number of 85 
hunting companies in existence, and the number of foreign hunters visiting the continent 86 
(Lindsey et al. 2007). In South Africa, a large number of lion trophies are from lions on captive 87 
breeding facilities. These hunts are shorter thus, the success rate of the hunt is higher, and the 88 
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hunt itself is cheaper than wild lion hunts. Wild lion hunts in South Africa are cheaper compared 89 
to countries outside of South Africa, with costs ranging from approximately $19 000 to $39 000. 90 
Therefore, South Africa has the highest number of trophy hunts compared to other countries in 91 
Southern and Eastern Africa. In other African countries hunting prices are based on a daily rate 92 
and hunts are normally for a fixed number of days with prices ranging from approximately $37 93 
000 to $76 000 (Lindsey et al. 2007, 2012). Trophy hunting of lions, if not done sustainably, can 94 
lead to population declines through infanticide (see Whitman et al. 2004 for more information). 95 
In Hwange National Park hunting is forbidden inside the park but is allowed in areas surrounding 96 
the park. This resulted in the deaths of 24 lions; 13 of which were male, 5 female and 6 sub-adult 97 
males (Loveridge et al. 2007). If not regulated, hunting can ultimately lead to the extinction of a 98 
species, as occurred for the quagga (Equus quagga), the dodo (Raphus cucullatus), and bluebuck 99 
(Hippotragus leucophaeus) amongst others (Adams 2013). 100 
 101 
Captive breeding and examples of success: 102 
Captive breeding of wild animals has become a popular conservation tool in recent years, as it 103 
helps to increase numbers, supply reintroduction programmes with individuals, and ultimately 104 
can increase genetic diversity (seen in Seddon et al. 2007, Frankham 2008, Dolman et al. 2015; 105 
originally from: Cohn 1988, Snyder et al. 1996). The breeding of animals in captivity can also 106 
allow us to study various aspects of the species’ biology, which is more difficult in the wild, 107 
particularly for rare species (Kleiman & Rylands 2002). Captive breeding has even assisted 108 
reintroductions for some species that became extinct in the wild, such as the California condor 109 
(Gymnogyps californianus), Arabian oryx (Oryx leucoryx), Przewalski’s horse (Equus ferus 110 
przewalskii) and black-footed ferret (Mustela nigripes) (see Frankham et al. 2002). Other success 111 
stories involving captive breeding of wild animals includes the golden lion tamarin 112 
(Leontopithecus rosalia), arguably one of the most notable and publicized success stories 113 
(Kierulff et al. 2012). Golden lion tamarins are critically endangered in the wild because of 114 
deforestation and habitat destruction. Wild animals were translocated from the small remaining 115 
habitats to larger areas that acted as safe havens, while other animals were kept in captivity as 116 
part of a breeding programme. Following a multinational effort and stakeholder buy-in, forest 117 
habitats were restored and protected, and animals released back into the wild, resulting in their 118 
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IUCN down listing (see Kierulff et al. 2012 for more information). The captive breeding 119 
programme also allowed for the study of reproductive performance and behaviour. The 120 
behavioural study provided valuable information about group structure and showed how females 121 
can become aggressive toward other females, information which informs future breeding efforts 122 
(Benirschke 1986). 123 
Another example of successful captive breeding involves the Amur or Far Eastern leopard 124 
(Panthera pardus orientalis). The Far Eastern leopard was near extinction in the wild, due to 125 
habitat loss, poaching, prey depletion and use of body parts for traditional medicines (Uphyrkina 126 
et al. 2002). In captivity, a population of approximately 200 individuals is doing well. This 127 
captive population is a hybrid of two subspecies, Panthera pardus orientalis and Panthera 128 
pardus japonensis. Initially, the origin of the founding individuals was not known and this 129 
resulted in the production of a mixed population in captivity (Uphyrkina & O’Brien 2003). 130 
Something very similar happened with the Przewalski’s horse. The current captive population 131 
consisting of 1 500 horses was founded by 12 Przewalski’s horses and 1 domestic mare which 132 
was thought to be from the original population but was later found to be a domestic horse 133 
(Frankham et al. 2002). 134 
Although a large number of species depend on captive breeding for survival, this approach is not 135 
without potential negative side-effects. Animals that are bred in captivity show adaptation to 136 
captivity and develop traits that favour captivity rather than a wild existence. Specifically, 137 
selection in captivity may favour traits that are different to those selected for in the wild, and by 138 
mixing individuals that have experienced different selective pressures, we potentially 139 
compromise the integrity of species and risk reduced fitness of wild populations (a phenomenon 140 
also referred to as outbreeding depression; see Ford 2002). As such, wild animals are often 141 
preferred during reintroduction programmes. Indeed, studies have shown that animals born and 142 
raised in captivity often have a reduced survival rate after being reintroduced into the wild 143 
compared to wild animals that were brought into captivity for a short period of time only (see 144 
Jule et al. 2008 for more information). Furthermore, genetic changes that occur in small, captive 145 
populations may be harmful to larger wild populations. Such changes include the loss of genetic 146 
diversity, the accumulation of deleterious alleles, inbreeding depression, and the genetic 147 
adaptation to captivity (see chapter 2; Frankham et al. 2002). 148 
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Conservation genetics and its importance: 149 
Conservation genetics is a multidisciplinary branch of (population) genetics with the aim to 150 
understand and mitigate genetic issues and avoid extinctions. By definition, the field is primarily 151 
concerned with small populations and related issues. In essence, the aim is to understand 152 
underlying genetic factors that may contribute to a species’ risk of extinction and offers possible 153 
solutions to overcome these (Frankham et al. 2002, Vilà et al. 2003). Particular genetic factors of 154 
concern are inbreeding, the loss of genetic diversity, adaptation to captive environments, and the 155 
loss of genetically unique lineages. Inbreeding is defined as the mating of two related 156 
individuals, and is measured by the probability that two alleles on a locus are identical by 157 
descent. Inbreeding results in an accumulation of homozygous and rare deleterious alleles, which 158 
can pose a risk through reduced fitness and lower reproductive success (Frankham et al. 2002). 159 
For instance, inbreeding can affect the fitness of populations by reduced litter size (Liberg et al. 160 
2005), morphological malformations (Robinson et al. 2018), reduced longevity (Laikre & Ryman 161 
1991) and reduced survival of juveniles (Ralls & Ballou 1986). Genetic diversity is important 162 
because it represents a species’ evolutionary potential and allows them to adapt to changing 163 
environments and diseases. 164 
The Florida panther (Puma concolor coryi) is a textbook example that is often used to illustrate 165 
the importance of maintaining adequate levels of genetic diversity; this subspecies became 166 
critically endangered due to severe hunting, habitat loss and road kill incidents, all driven by 167 
human population growth. As the panther's population sizes declined, the effects of inbreeding 168 
became more apparent including sperm defects and morphological abnormalities (Roelke et al. 169 
1993). Given that no other populations of Florida panthers exist, a decision was made to 170 
translocate eight individuals from a closely related subspecies, the Texas puma (Puma concolor 171 
stanleyana), into the isolated area that the Florida panther occupies. As a result, the genetic 172 
diversity of the depauperate Florida panther was restored, which increased the reproduction rate, 173 
survival success and population numbers (Pimm et al. 2006). The pragmatic outcome is however, 174 
that the gene pool of the Florida panther now includes components from Texas puma.  175 
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Conservation genetics of the African lion: 176 
To date, several studies have documented genetic diversity and spatial structure in the African 177 
lion (see Lyke et al. 2013, Miller et al. 2013, Bertola et al. 2015, Curry et al. 2015, Barnett et al. 178 
2018, Smitz et al. 2018, Tensen et al. 2018). To the best of our knowledge, no study to date has 179 
focused exclusively on genetic diversity present in captive populations. This represents a serious 180 
gap in our knowledge and in addition, understanding genetic diversity in captive populations is 181 
important for several reasons. First, low levels of genetic diversity could result in reduced 182 
reproduction, inferior phenotypes in adults and reduced juvenile survival, which may lead to 183 
wild animals being added to captive populations to increase diversity (Ralls & Ballou 1986, 184 
Lindsey et al. 2007). Secondly, understanding the potential genetic changes that occur in 185 
populations during captivity, even if not threatened with extinction in the wild, provide useful 186 
information which may be crucial in the future and for release back into the wild. For lion 187 
specifically, we know that the species is severely threatened over much of its range (Bauer et al. 188 
2016) and it is foreseeable that the species may depend on captive breeding, at least over parts of 189 
its range, sometime in the near future. 190 
 191 
Research aims: 192 
A large number of species are threatened with extinction in the wild, and may soon depend on 193 
captive breeding as a means to ensure long-term survival. The ultimate goal of captive breeding 194 
is to release animals back into the wild, or to safe keep animals until threats to their existence in 195 
the wild have been removed (without the aim of releasing animals back into the wild, captive 196 
breeding falls in the realm of domestication rather than conservation). Therefore, our overall aim 197 
is to understand how genetic diversity in species (here African lion) is affected by a prolonged 198 
period of captivity. 199 
The specific objectives of the present study are: 200 
1) To assess and compare the levels of genetic diversity (including relevant statistics such as 201 
inbreeding, heterozygosity, allele diversity etc.), in four lion breeding facilities in South Africa, 202 
each with different management strategies.  203 
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2) To assess whether there is a link between genotypic data and phenotypic traits in captive lions.  204 
3) To assess what the impact of various translocation strategies are on the maintenance of genetic 205 
diversity in lion populations.  206 
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Chapter 2 207 
Genetic and morphometric variation in captive lion 208 
populations 209 
 210 
Introduction 211 
 212 
The study of animals that are bred in captivity provide us with a unique opportunity to 213 
understand the influence that a specific environment may have on morphological, physiological 214 
and genetic traits (Regan & Kitchener 2005). Natural selection strongly influences the adaptation 215 
of animals to local environments; adaptations to a captive environment may be very different to 216 
those in the wild as wild environments differ markedly from captive ones. Although adaptation is 217 
not easy to prove beyond doubt (the links are often inconclusive and vague), in the most extreme 218 
cases adaptation to captivity results in domestication, but more generally manifest as a lack of 219 
skills that are socially learned such as hunting and defence (Soorae & Price 1997, Jule et al. 220 
2008). Weight gain is also often seen in animals in captivity as activities that require energy and 221 
burn fat, such as hunting for prey is absent in captivity. Instead, animals are fed regularly and 222 
have little or no opportunity to exercise (Kleiman et al. 2010). 223 
In captivity, populations are typically small and closed off from natural migration, which will 224 
inevitably alter their genetic diversity due to the influences of inbreeding and genetic drift 225 
(Keller & Waller 2002). Hence, captive populations could become more homozygous and alleles 226 
could be fixed (Frankham et al. 2002). Also alleles that accumulate due to adaptation to captivity 227 
can be detrimental to a species’ fitness in the wild, if animals are ever released (Frankham 2008). 228 
For instance, high levels of inbreeding in captive populations of Florida panthers as well as 229 
cheetahs has manifested in kinked tails, a morphological defect (Roelke et al. 1993, Marker-230 
Kraus 1997). 231 
Lions are commercially-bred in sub-Saharan Africa to meet the high demand of trophy hunting 232 
(Cousins et al. 2010). There has been a rapid growth in lion farming and 90% of all hunted lions 233 
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in South Africa are captive bred (Lindsey et al. 2012). Currently, close to 7 000 lions are held in 234 
captivity to supply the tourist and hunting industry in South Africa (Scientific Authority of South 235 
Africa 2018). Moreover, lion bones are exported to Asia as a substitute for tiger bones in 236 
traditional Chinese medicines (Morell 2007, Gratwicke et al. 2008). This practice is on the 237 
increase, resulting in a sharp rise in South African lion bones exported to Asia, from 89 sets in 238 
2008 to 800 sets in 2018 (Lindsey et al. 2012, Department of Environmental Affairs 2018b) . 239 
The main argument to support lion farming is that wild lions can be protected against sport 240 
hunting if captive lions are available (Hargreaves 2010). Another argument is that the related 241 
tourist industry could help to raise funds for the conservation of wild lion populations. More 242 
controversial, authors have claimed that lions from farms can ultimately be used for 243 
reintroduction programmes, thereby validating the contribution of commercial breeding to 244 
conservation (Hunter et al. 2013). 245 
Facilities that house captive lions do not routinely do DNA testing on their animals, nor is it a 246 
requirement in South Africa. As such, the origin of many lions that founded captive breeding 247 
programmes remain unknown, and the purity of animals in the facilities is unknown. If the 248 
purpose here is simply to supply animals to the hunting industry or to export bones to China, 249 
then these questions are purely academic. However, if there is any merit in using captive bred 250 
lions to supplement dwindling wild populations, then these become crucially important questions 251 
given that there are very distinct genetic lineages in lions across their African and even Southern 252 
African range (see e.g. Bertola et al. 2011). Without careful management and selection of 253 
founders, captive populations could soon become insufficient as safeguards for the genetic 254 
diversity of species. Commercially-bred lions may therefore be unsuitable for the use of 255 
conservation-aimed breeding programmes. Trophy hunting also selects for animals with larger 256 
and more impressive phenotypes, while inbred animals often have diminutive phenotypes. 257 
Genetic analysis of farmed lion populations is therefore important to ensure that captive animals 258 
remain genetically healthy and pure (to meet the requirements for reintroductions into the wild as 259 
well as trophy hunting), and afford us a unique opportunity to understand how genetic diversity 260 
may be lost under specific captive conditions and practises. 261 
In this study, we assess the genetic diversity in four captive breeding facilities in South Africa 262 
with different management practises. We specifically assess whether populations suffer from 263 
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inbreeding depression, as well as assess the levels of diversity across these four facilities. We 264 
also attempt to correlate levels of genetic diversity with morphological traits. Lastly, we compare 265 
genetic diversity and selected morphological traits with data that is available for wild 266 
populations. 267 
 268 
Methods and Materials 269 
 270 
Data Collection 271 
A total of 126 lions from four breeding facilities within South Africa were included in this study. 272 
Non-disclosure agreements were signed with each of these facilities, and as such we simply refer 273 
to these as 1 to 4; these non-disclosure agreements pertain to the name and location of these 274 
facilities and has no relevance to, or impact on, the data presented here. On each facility, only 275 
sexually mature animals (males and females) were sampled. Facility 1 consisted of 23 276 
individuals, both facilities 2 and 3 consisted of 11 individuals and on facility 4 we sampled 81 277 
individuals. The lions were immobilised by a qualified veterinarian from The National 278 
Zoological Gardens of South Africa and once immobilised, each lion was transported away from 279 
the enclosure for the collection of biological samples (semen, urine and blood). Blood samples 280 
were collected for genotyping and stored in EDTA (Ethylenediaminetetraacetic acid) vacutainers 281 
(Ethics number P27 from The National Zoological Gardens of South Africa and 2017/04/Parbhu 282 
from The University of Johannesburg) until further analysis in the laboratory. 283 
 284 
During immobilization, the weight of each individual was recorded as well as various 285 
morphometric measurements taken as listed below. For facility 4 we were unable to collect all 286 
measurements for all individuals. All measurements were taken while the lions were 287 
immobilised, allowing for consistency between lions. 288 
The following measurements were taken (see figure 1): 289 
1. Total length: Measurement from the tip of the nose to tip of the tail, along the contour of the 290 
body (straight tail) (cm) 291 
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2. Shoulder length (body length): Length from shoulder blade/scapula to start of the tail (cm) 292 
3. Chest girth: Measurement around the body at the chest area just behind the front legs (cm) 293 
4. Abdominal girth: Measurement around the body at the abdomen area just in front of the hind 294 
legs (cm) 295 
5. Tail length: Start of the tail to the bony tip of the tail (straight tail) (cm) 296 
6. Tail circumference: Circumference of the tail at its proximal base end (cm) 297 
7. Front leg length: From the elbow to the tip of the longest digit (without claw) (cm) 298 
8. Hind leg length: From the heel to the tip of the longest digit (without claw) (cm) 299 
9. Paw length: From the back of the paw to the tip of the longest digit (without claw) (cm) 300 
10. Paw width: Measurement across the paw at the thickest part of the paw (cm) 301 
11. Head length: Anterior tip (front) of the skull to posterior tip (back) of the skull (cm) 302 
12. Head width: Distance between the zygomatic arches (between the base of each ear) (cm) 303 
13. Upper and lower canine lengths: Length from unbroken tip to the base at the gum (mm)  304 
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Figure 1: Labelled figure of lion depicting the different morphometric measurements. Each solid 305 
line shows the distance across that line that needs to be measured. Figure adjusted from 306 
https://ru.depositphotos.com/82243534/stock-illustration-illustration-of-lion-head.html and 307 
http://mini.mfagency.co/lion-outline-drawing/  308 
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For males, the following additional measurements were taken (see figure 2): 309 
1. Total mane distance: Distance from the starting point of the mane to the end point of the mane 310 
along the body (cm) 311 
2. Mane length at the top of the neck: Mane length on the top side of the neck (dorsal line) (cm) 312 
3. Mane length at the side of the neck: Mane length on the lateral side of the neck (cm) 313 
4. Mane length at the base of the neck: Mane length at the ventral line of the neck (cm) 314 
5. Mane length at sternum: Mane length at a spot on the breast between the front legs (cm) 315 
6. Mane length at the abdomen: Length of mane between the anterior teats (cm) 316 
7. Mane length between ears: Length of mane at the most posterior part of the skull (cm)  317 
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Figure 2: Labelled figure of male lion depicting the measurements of the mane. Each solid line 318 
shows the distance across that line that needs to be measured and each line with an arrow depicts 319 
the length of the mane in the direction of the arrow. Figure adjusted from 320 
https://images.template.net/wp-content/uploads/2014/12/Lion-Template-3.jpg  321 
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Laboratory Procedures 322 
 323 
DNA Extraction 324 
Total genomic DNA was extracted from each blood sample with the use of the ZR Genomics 325 
DNA – Tissue MiniPrep kit. The protocol described by the manufacturer was followed with the 326 
exception of two modified steps. This included the addition of 5 µl of proteinase K into each 327 
sample rather than 10 µl as prescribed, as well as an extra incubation step before centrifugation 328 
to elute DNA. For DNA extractions, 100 µl of blood was added to 5 µl of proteinase K and 95 µl 329 
of 2X digestion buffer. The mixtures were vortexed and incubated at 55 °C for 1 – 3 hours. 330 
Following complete digestion of the cells, 700 µl of genomic lysis buffer was added to each 331 
sample and centrifuged for 1 minute at 10 000 x g. The supernatant was transferred to a Zymo-332 
Spin IIC Column in a new collection tube and centrifuged again for 1 minute at 10 000 x g. DNA 333 
pre-wash buffer (200 µl) was added to the spin columns and centrifuged for 1 minute at 10 000 x 334 
g. The collection tube was discarded, and the spin column was once again placed into a new 335 
collection tube followed by the addition of 400 µl of g-DNA wash buffer. The tubes were then 336 
centrifuged for 1 minute at 10 000 x g. DNA was eluted with 100 µl of DNA elution buffer. The 337 
tubes were incubated at room temperature for 5 minutes and then centrifuged for 1 minute at 16 338 
000 x g to ensure that all the DNA was eluted from the spin column. 339 
 340 
NanoDrop 341 
After DNA was extracted from all the samples, each DNA sample was independently loaded 342 
onto the lower pedestal of the NanoDrop spectrophotometer to assess the quality and quantity of 343 
DNA. The NanoDrop was first initialized with the addition of 2 µl of ddH2O on the sample port. 344 
After initialization, a blank sample of buffer AE was loaded and once done, 2 µl of each DNA 345 
sample was measured. These results were used to optimize the volumes used in PCR 346 
amplifications.  347 
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Polymerase Chain-Reaction (PCR) 348 
Forty microsatellite markers as described by Menotti-Raymond et al. (1999) for domestic cats 349 
were used to genotype each individual. These markers were chosen as they are common in feline 350 
studies and allow for comparisons between studies. All markers were optimized in the 351 
laboratory, with slight variations in the specific primer annealing temperatures and MgCl2 352 
concentrations (laboratory dependant; see supplementary table S1 for more information). For the 353 
PCR, a labelled forward primer (labelled at the 5' end with fluorophore; VIC
™
, NED
™
, FAM
™
, 354 
or PET
™
), and an unlabelled reverse primer were used. Twelve different multiplexes were 355 
constructed to obtain data across the 40 microsatellite markers, with one marker having its own 356 
reaction. The multiplex sets were sorted according to the annealing temperatures, four 357 
fluorescent dyes and the size range of each marker to reduce the amount of overlap and energy 358 
transfer between markers. 359 
 360 
Capillary Electrophoresis and Genotyping 361 
The ABI Prism 3130 sequencer was used for genotyping. It was first calibrated with the DS-33 362 
dye set from Biosystems five-dye chemistry. Genescan-600 LIZ was used as the internal 363 
fluorescent standard. A volume of 0.4 µl of the fluorescent-standard and 8.6 µl of HI-DI 364 
formamide was added to each PCR product. The PCR products were heated to 95° C for 5 365 
minutes to denature the DNA. Genescan was used to collect data from the sequencer and 366 
Genotyper was used to analyse and score alleles. 367 
 368 
Genetic Data Analysis 369 
 370 
Genetic data 371 
Genotyper was used to analyse and score alleles. First, microsatellites were tested for null alleles 372 
and allelic dropout using Micro-Checker (Van Oosterhout et al. 2004). Inbreeding coefficients 373 
(Fis) were measured using FSTAT v 2.9.3.2 (Goudet 1995). This statistic aids in determining 374 
which sex contributes more to the overall homozygosity and is indicative of the degree of genetic 375 
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diversity. Inbreeding coefficients range from -1 to 1; values approaching 1 are indicative of high 376 
levels of homozygosity in individuals (inbreeding), whereas values approaching -1 are indicative 377 
of individuals that are heterozygous (Wright 1949). Arlequin v3.5 (Excoffier & Lischer 2005) 378 
was used to calculate the observed and expected heterozygosity (Ho and He respectively) as well 379 
as the average number of alleles per locus (Na). The statistics were used to describe the genetic 380 
diversity present on facilities and were compared to results obtained for lions in national parks 381 
across Africa. Using the package Adegenet v2.1.0 (Jombart 2008) in RStudio v1.0.136 (RStudio 382 
Team 2015) a histogram of the average inbreeding on all four facilities was constructed. This 383 
graph visualizes inbreeding values across the facilities. 384 
 385 
A Structure plot was constructed using STRUCTURE v2.3.4 (Pritchard et al. 2000) to determine 386 
whether lions belonged to different gene pools, or whether individuals were admixed. The data 387 
was analysed twice. For the first analysis, we specified four populations (each facility 388 
represented a population). During the second analysis, we specified one population across all 389 
facilities. For both runs we had a burnin of 500 000 and the number of Markov chain Monte 390 
Carlo (MCMC) reps after burnin was set to 2 000 000. The simulations were run for 1 to 8 391 
genetic clusters (K). Structure Harvester was used to identify the highest K value (Evanno et al. 392 
2005). CLUMPAK was used to visually present the Structure plot (Kopelman et al. 2015). 393 
 394 
Arlequin was used to determine the pairwise fixation index (Fst) between populations and to 395 
conduct an Analysis of Molecular Variance (AMOVA). The fixation index is indicative of 396 
whether populations (or facilities) are genetically differentiated. Here, a value of 0 indicates low 397 
genetic differentiation (or 0% of the genetic variation being accounted for by the between-398 
facility component), while a value of 1 indicates high genetic differentiation (all the variation 399 
being accounted for by the between-facility component) (Holsinger & Weir 2009).  400 
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Morphometric Data Analysis 401 
 402 
The morphometric measurements of individuals were sorted by sex across the facilities. Rcmdr 403 
v2.3-2 (Fox 2017) was used in RStudio to conduct a multiple variable ANOVA. If a significant 404 
difference was detected, a post hoc test (Tukey HSD – Honestly Significant Difference) was 405 
used to determine which mean differed between the facilities (Abbott 2016). This approach was 406 
also used to compare the means of the weight of lions in captivity to those of wild lions (Smuts 407 
1982). SPSS v24 (IBM Corp. 2016) was used to conduct a Kruskal-Wallis H test to visualise the 408 
data in a box plot and note if there were any statistically significant differences (p≤0.05) between 409 
the morphometric measurements across the four facilities. Furthermore, we tested whether 410 
gender or inbreeding had any influence on the morphometric measurements across individuals. 411 
To test whether there were any patterns in the morphometric data a principal component analysis 412 
(PCA) was performed and the results plotted in RStudio. A principal component analysis is a 413 
dimension reduction method which reduces a large dataset to a smaller set of variables that 414 
retains most of the information from the large dataset. This makes it easier to identify patterns or 415 
trends in the data. The principal component(s) that contributes the highest variance is retained 416 
and used to identify patterns (Dunteman 1989). The number of principal components extracted is 417 
equal to the number of variables present in the dataset, in this case 25. An Eigen value is used to 418 
determine which component contributes the highest amount of variation (Quinn & Keough 419 
2002). The component(s) that accounts for the highest percentage of variation is retained and 420 
used to construct a PCA biplot, which is a visualisation of how the variables loaded in the 421 
principal component and what pattern or trend they may reflect. A scree plot is used to assist in 422 
deciding which components to retain and which to discard (Krim & Hamza 2015). A principal 423 
component analysis was used to reduce the large set of morphometric data into a single variable 424 
to identify any patterns that may be present.  425 
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Results 426 
 427 
Genetic diversity 428 
To evaluate the levels of genetic diversity within the data, a series of genetic summary statistics 429 
were calculated for each facility as well as for males and females respectively (see table 1). The 430 
average number of alleles (Na) ranged from 4.275 to 6.950. The observed and expected 431 
heterozygosities (Ho and He) were high (between 0.6 and 0.7), indicating that there is sufficient 432 
genetic diversity present in each of these facilities. For males the number of alleles (Na) ranges 433 
from 2.788 to 5.600, while observed and expected heterozygosities (Ho and He) range between 434 
0.593 to 0.699 and 0.574 to 0.762, respectively. For females, the number of alleles (Na) has a 435 
smaller range compared to males, from 3.974 to 4.975. Similarly, observed and expected 436 
heterozygosity (Ho and He) values in females also have a smaller range compared to males, 437 
being 0.620 to 0.638 and 0.643 to 0.664 respectively.  438 
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Table 1: Summary statistics to describe genetic diversity present across the four facilities. These 439 
include the number of individuals (N), the average number of alleles (Na), the observed 440 
heterozygosity (Ho), the expected heterozygosity (He), and the inbreeding coefficients (Fis). 441 
Statistics are given for all lions, and for the sexes separately. 442 
Group Facility N Na Ho He Fis  
All lions 1 23 5.025 0.646 0.639 -0.012 
 2 11 4.275 0.602 0.623  0.036 
 3 11 4.615 0.622 0.651  0.047 
 4 81 6.950 0.624 0.678  0.080 
Males 1 7 3.359 0.699 0.595 -0.192 
 2 4 2.975 0.593 0.574 -0.040 
 3 2 2.788 0.651 0.762  0.204 
 4 26 5.600 0.652 0.669  0.026 
Females 1 16 4.950 0.631 0.664  0.051 
 2 7 3.974 0.622 0.643  0.035 
 3 9 4.359 0.638 0.653  0.024 
 4 18 4.975 0.620 0.644  0.038 
We compared our results to similar studies conducted on wild lions from across Africa, and also 443 
compared our results to the Indian lion population in the Gir Forest (data from Driscoll et al. 444 
2002, Bruche et al. 2013). Although some of the microsatellites used here were common across 445 
all studies, there were also differences in the markers and number of markers used. Driscoll et al. 446 
(2002) used 35 of the markers used here (they based their results on a total of 100 markers), 447 
while Bruche et al. (2013) only used 7 of the same marker used here (they based their results on 448 
a total of 10 markers). Table 2 presents a comparison of the number of individuals included in 449 
studies, the average number of alleles, observed and expected heterozygosity, and inbreeding 450 
coefficients. A somewhat surprising result is that the captive breeding facilities typically have 451 
higher expected heterozygosity values and number of alleles compared (although this is marker 452 
dependant) to the national parks.  453 
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Table 2: A comparison of the number of individuals included, the average number of alleles, 454 
observed and expected heterozygosity values, and inbreeding coefficients between the four 455 
captive facilities in South Africa (present study) and lions in national parks in Africa and the Gir 456 
Forest in India. 457 
Population N Na Ho He  Fis 
Facility 1 23 5.025 0.646 0.639 −0.012 
Facility 2 11 4.275 0.602 0.623   0.036 
Facility 3 11 4.615 0.622 0.651   0.047 
Facility 4 81 6.950 0.624 0.678   0.080 
Gir Forest 10 1.26
#
 0.076
#
 0.079
#
   0.305
*
 
Ngorongoro Crater 10 2.86
#
 4.25
#
 0.404
#
   0.070
*
 
Serengeti Park 10 3.47
#
 4.73
#
 0.474
#
   0.121
*
 
Etosha Park 10 2.62
#
 3.78
#
 0.373
#
 −0.144
*
 
Kalahari-Gemsbok Park 10 2.97
#
 4.14
#
 0.434
#
   0.100
*
 
Kruger National Park 10 3.35
#
 4.72
#
 0.444
#
 −0.182
*
 
*Obtained from Bruche et al. (2013) 458 
#
 Obtained from Driscoll et al. (2002) 459 
Levels of inbreeding 460 
The inbreeding coefficients (Fis) for all captive lions ranged from -0.012 to 0.080. These values 461 
are low and indicate that these populations are not affected by inbreeding. For males, inbreeding 462 
coefficients ranged from -0.192 to 0.204 and for females from 0.024 to 0.051 (see table 1). 463 
Comparing the captive facilities in South Africa to wild lions (table 2), the captive breeding 464 
facilities have lower inbreeding coefficients than the Gir Forest, Serengeti, and Kalahari-465 
Gemsbok National Park populations. The values for the captive facilities are more similar to 466 
larger parks such as Ngorongoro Crater, Etosha Park, and Kruger National Park. 467 
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Figure 3 represents histograms that give a visual indication of the levels of inbreeding present in 468 
each of the facilities. The histograms are used to identify whether genotypes are homozygous or 469 
heterozygous. A graph that is skewed to the left is indicative of low levels of homozygosity 470 
while a graph that is skewed to the right is indicative of high levels of homozygosity (Jombart 471 
2008). From these graphs, it is clear that there are low levels of inbreeding present across the 472 
four captive facilities. A few exceptions are present where some individuals have higher levels of 473 
inbreeding (individual bars on the right of the graph).  474 
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Figure 3: The average inbreeding in lions seen across the four captive facilities (a-d), as well as 475 
the overall inbreeding across all facilities combined (e). The x-axis shows the inbreeding 476 
coefficient, while the y-axis indicates the cumulative percentage of frequency of individuals.  477 
a) b) 
c) d) 
e) 
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Genetic differentiation 478 
To assess whether different gene pools are present within and between captive facilities, we 479 
performed a Bayesian assignment (Structure) analyses. Figure 4a shows the Structure plot when 480 
specifying each facility as an independent unit/population, and figure 4b shows the Structure plot 481 
under the assumption that all facilities belong to a single population. Each bar represents an 482 
individual and the colours correspond to the different cluster identified by the program. Both of 483 
these analyses retrieved near identical results, with two genetic clusters (K=2) present across the 484 
four facilities. Facilities 1, 2, and 3 group together, with facility 4 consistently grouping as a 485 
second cluster. Very few individuals are admixed, suggesting limited gene flow between these 486 
two genetics clusters. 487 
Figure 4: Structure plots (K = 2) indicating the clustering of individuals from four different 488 
facilities, with a) showing the results when parameters were set to indicate four different 489 
populations (facilities) and b) showing results when parameters were set to indicate one 490 
population only.  491 
a) 
b) 
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An Analysis of Molecular Variance (AMOVA) was run to determine how genetic diversity is 492 
spread across facilities. The highest amount of variation is accounted for by the within individual 493 
component, irrespective whether four facilities (table 3) or one group (table 4) is recognised. 494 
This suggests that even though the facilities are genetically similar to one another (as shown by 495 
the Bayesian cluster analyses; see figure 4), there are still differences between individuals and 496 
between facilities.  497 
Table 3: AMOVA results showing the distribution of variation when assuming that each facility 498 
is independent. 499 
Source of variation d.f. Sum of squares Variance components Percentage of variation p value 
Among facilities 3 156.430 0.87398  6.79 <0.001 
Among individuals 
within facilities 
122 1541.355 0.63846 4.96 <0.001 
Within individuals 126 1431.000 11.35714  88.25 <0.001 
Total 251 3128.786 12.86958   
Table 4: AMOVA results showing the distribution of variation when assuming that each facility 500 
belongs to one group. 501 
Source of variation d.f. Sum of squares Variance components Percentage of variation p value 
Among individuals 125 1697.786 1.11257  8.92 <0.001 
Within individuals 126 1431.000 11.35714  91.08 <0.001 
Total 251 3128.786 12.46971   
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These findings (facilities being genetically similar, but with differences between them) are 502 
supported by the pairwise Fst values which are typically low, but significant (p-value < 0.001; 503 
table 5).  504 
Table 5: The pairwise fixation index (Fst) values between facilities 1-4 refer to the four facilities 505 
included here. 506 
 1 2 3 4 
1 - - - - 
2 0.072 - - - 
3 0.068 0.046 - - 
4 0.056 0.091 0.074 - 
Morphometric characteristics 507 
Table 6 outlines the morphometric measurements that were collected. When considering the 508 
results obtained for males, there was a significant difference in the shoulder length of facility 1 509 
compared to the other three facilities, with shoulder length being significantly smaller on facility 510 
1. Also, shorter front leg lengths are seen for facility 1 compared to facilities 2 and 3. The right 511 
front paw length of facility 2 is significantly larger than facilities 1 and 3. With reference to the 512 
females, a large number of morphometric measurements differed significantly between facilities. 513 
Facility 1 differed significantly from the other facilities for the following measurements: 514 
shoulder length, upper and lower canines, front leg lengths, left hind leg length, and lastly the 515 
width of front and hind paws. For most of these characteristics, facility 1 had significantly 516 
smaller measurements, with significant differences found mostly between facilities 1 and 3. For 517 
facility 2, measurements that differed significantly from other facilities included body weight, 518 
total length, abdominal girth, chest girth, tail length and circumference, and front paw length. 519 
Facility 3 differed significantly in the lengths of the left and right hind paws, having shorter hind 520 
paws compared to facilities 1 and 2. For the mane measurements, no significant differences were 521 
seen across the facilities. To help visualize these differences, we present box plots of the 522 
morphometric measurements that differ significantly for males and females (see figures 5 to 8). 523 
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Table 6: Average morphometric measurements are given for each facility, presented for males and females separately. Significant 524 
differences are indicated in bold text in the Significance column, followed by the facility(ies) it differed from, while NS indicates no 525 
significant difference between the four facilities. 526 
 Males Females 
Facilities 1 2 3 4 Significance  1 2 3 4 Significance  
Body weight  241.16 199.65 260.25 227.78 NS 149.65 121.23 161.94 159.82 2 - 1,3,4 
Total length  296.86 290.75 298.5 - NS 250.21 243 254.39 - 2 - 3 
Shoulder 
length 
116.43 158 168 155.23 1 - 2,3,4 101.64 134 134.67 132.83 1 - 2,3,4 
Abdominal 
girth 
159.2 141.5 153 - NS 131.14 115.5 132.89 - 2 – 1,3 
Chest girth 149.4 142.25 158 - NS 122.23 112 129.44 - 2 - 3 
Tail length 90.71 85.75 93.5 - NS 80.31 74.57 83.67 - 2 – 3  
Tail 
circumference 
30.57 26.25 32.25 - NS 25.44 23.25 26.72 - 2 – 3 
Head length 42.84 44.5 48 - NS 35.5 35.29 35.11 - NS 
Head width 31.14 29.75 34 - NS 19.33 20.43 19.63 - NS 
Left upper 
canine 
49.79 48.77 55.79 - NS 37.71 41.69 43.29 - 1 – 3  
Right upper 
canine 
47.64 52.03 57.51 - NS 39 42.08 43.80 - 1 – 3 
Left lower 42.57 41.12 44.36 - NS 31.5 34.12 34.64 - 1 – 3 
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canine 
Right lower 
canine 
42.57 41.64 44.22 - NS 32.64 34.45 35.45 - 1 – 3 
Left front leg 
length 
29.29 63.25 64.5 - 1 – 2,3 25.2 54.28 56 - 1 – 2,3 
Right front 
leg length  
28.86 63.5 66.5 - 1 – 2,3 24.71 54.42 55.89 - 1 – 2,3 
Left hind leg 
length 
39.14 38.75 39.5 - NS 33 33.57 35 - 1 - 3 
Right hind leg 
length 
38.43 38.5 39.5 - NS 28.88 33.86 34.44 - NS 
Left front paw 
length 
12.79 14 12.5 - NS 10.22 12 10.11 - 2 – 1,3  
Right front 
paw length 
12.57 14.63 12 - 2 – 1,3 9.59 11.71 10.33 - 2 – 3 
Left hind paw 
length 
12.29 12.38 11 - NS 10.72 10.57 9.56 - 3 – 1,2 
Right hind 
paw length 
12.29 12.5 11.5 - NS 10.38 10.57 9.44 - 3 – 1,2 
Left front paw 
width 
13.57 12.75 14.5 - NS 10.31 11.57 10.78 - 1 – 3  
Right front 13.57 13.25 13.5 - NS 10.31 11.64 11.33 - 1 – 3  
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paw width 
Left hind paw 
width 
12.43 10.88 11 - NS 10.47 9.86 9.44 - 1 – 3  
Right hind 
paw width  
12.57 11.5 11 - NS 10 9.71 9.67 - 1 – 3  
Total mane 
distance 
74.5 69.5 83 - NS - - - - - 
Mane length 
at top of neck 
26.28 21.25 28 - NS - - - - - 
Mane length 
at side of neck 
22.57 23 21 - NS - - - - - 
Mane length 
at base of 
neck 
23.71 25.25 23 - NS - - - - - 
Mane length 
at sternum 
20.42 19.25 24.5 - NS - - - - - 
Mane length 
at abdomen  
14.16 4 9.5 - NS - - - - - 
Mane length 
between ears 
17.28 14.5 16.5 - NS - - - - - 
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O 
Represents outlier
 527 
Figure 5: Box plots showing significant differences in measurements for males across the four 528 
facilities, with a) showing differences in shoulder length, b) and c) showing differences in left 529 
front leg length and right front leg respectively, and d) showing differences in right front paw 530 
length.  531 
a) b) 
c) d) 
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O 
Represents outliers  532 
* Represents extreme outliers 533 
Figure 6: Box plots showing significant differences in general measurements for females across 534 
the facilities, with a) showing differences in body weight, b) showing differences in shoulder 535 
length, c) and d) showing differences in abdominal and chest girth respectively, and e) showing 536 
differences in tail circumference.  537 
a) b) 
c) d) 
e) 
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O
 Represents outliers
 538 
*
 Represents extreme outliers 539 
Figure 7: Box plots showing significant differences in canine measurements for females across 540 
the facilities, with a) and b) showing the left and right upper canines respectively, and c) and d) 541 
showing the left and right lower canines.  542 
a) b) 
c) d) 
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543 
a) b) 
c) 
e) f) 
d) 
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O
 Represents outliers 544 
*
 Represents extreme outliers 545 
Figure 8: Box plots showing significant differences in leg and paw measurements for females 546 
across the facilities, with a) and b) showing left and right front leg length respectively, c) 547 
showing left hind leg length, d) and e) showing left and right front paw length respectively, f) 548 
and g) showing left and right hind paw length respectively, h), i) and j) showing left front and 549 
left hind paw width and right hind paw width respectively.  550 
g) h) 
i) j) 
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A principal component analysis (PCA) was performed to search for general patterns across 551 
facilities. Table 7 shows the factor scores for each morphometric value for the first three 552 
principal components, as well as the Eigen value (component variances) and the percentage 553 
contribution of each component to variance. The results show that component 1 contributes more 554 
than 50% of variance while component 2 and 3 provide 17% and 9% respectively. The scree plot 555 
presented in figure 9 shows how much each component contributes to the variance and which 556 
components should be accepted or excluded (Cattell 1966). The scree plot displays a break 557 
between component 1 and 2 (see trend line in figure 9). It shows that component 1 contributes 558 
the most variance for the morphometric measurements having the highest Eigen value. 559 
Components 2 to 4 have Eigen values of 1 and higher, but because of the very clear break seen 560 
between components 1 and 2, we chose to retain only component 1 as opposed to using the 561 
Eigen-one method to select which component to retain. From table 7, it is clear that component 1 562 
was negatively loaded (based on negative values) with each morphometric measurement 563 
(variable). This means that they all loaded together and have a relation and will scale on the 564 
negative side of the PCA biplot. Given that these are morphometric measurements of animals, it 565 
makes biological sense that certain traits vary together. The implication is that as one 566 
measurement increases, all related measurements should increase as well, indicating that the 567 
relationship between the morphometric measurements is directly proportional. For example, a 568 
larger left front leg length (V14) would be associated with a larger right front leg length (V15) 569 
because of the general symmetry of animals (Schmidt-Nielsen 1997). This can be correlated to 570 
the biplot (figure 10) which shows that the variables scale together on the x-axis (PC1).  571 
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Table 7: The factor scores for each morphometric measurement and the variance contributed by 572 
each component. 573 
 Principal component 
 1 2 3 
Body weight -0.244 0.061 0.234 
Total length  -0.258 0.019  0.093 
Shoulder length -0.156 -0.354 -0.093  
Abdominal girth -0.212  0.126  0.252 
Chest girth -0.245  0.030  0.231  
Tail length -0.175  0.006  0.276  
Tail circumference  -0.178  0.076  0.363  
Head length -0.214 -0.060 -0.046  
Head width  -0.241  0.003 -0.009  
Canine left upper -0.211 -0.194  0.060 
Canine right upper -0.208 -0.212 -0.021 
Canine left lower -0.222 -0.132  0.068 
Canine right lower  -0.250 -0.073  0.041  
Leg length left front -0.079 -0.425 -0.126  
Leg length right front  -0.081 -0.425 -0.126  
Leg length left hind -0.225 -0.122 -0.017 
Leg length right hind  -0.214 -0.118 -0.040 
Paw length left front -0.181  0.052 -0.417  
Paw length right front -0.180  0.037 -0.418  
Paw length left hind -0.189  0.214 -0.301 
Paw length right hind  -0.174 0.234 -0.322 
Paw width left front  -0.202  0.130  0.049 
Paw width right front  -0.200  0.111 -0.020 
Paw width left hind -0.157  0.332 -0.070  
Paw width right hind  -0.170  0.317 -0.057  
Component variances 12.806 4.312  2.284  
% Proportion of variance 51.2 17.2 9.1 
% Cumulative proportion 51.2 68.4 77.6 
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Figure 9: Scree plot showing the total variance attributed to each principal component, where the 574 
x-axis shows the number of components and the y-axis shows the Eigen values.  575 
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Figure 10: PCA biplot showing the link between all morphometric measurements. 576 
 577 
No significant correlation was found between the morphometric measurements and genetic 578 
diversity.  579 
V1 Body weight 
V2 Total length  
V3 Shoulder length 
V4 Abdominal girth 
V5 Chest girth 
V6 Tail length 
V7 Tail circumference  
V8 Head length 
V9 Head width  
V10 Canine left upper 
V11 Canine right upper 
V12 Canine left lower 
V13 Canine right lower  
V14 Leg length left front 
V15 Leg length right front  
V16 Leg length left hind 
V17 Leg length right hind  
V18 Paw length left front 
V19 Paw length right front 
V20 Paw length left hind 
V21 Paw length right hind  
V22 Paw width left front  
V23 Paw width right front  
V24 Paw width left hind 
V25 Paw width right hind  
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Discussion 580 
 581 
Numerous studies have reported changes in genetic diversity in captive populations over time 582 
(Lynch & Hely 2001, Ford 2002, Woodworth et al. 2002, Araki et al. 2007, Willoughby et al. 583 
2017). Two mechanisms underlie genetic change in captivity. First, captive populations are 584 
exposed to very different selective pressures than would typically be experienced by animals in 585 
the wild, and alleles that are selected against in the wild are often maintained in captivity 586 
(McDougall et al. 2006, Frankham 2008). One such trait that is specifically advantageous in 587 
captivity is a lack of fear towards humans (Malmkvist et al. 1997, McDougall et al. 2006). This 588 
has been clearly illustrated in foxes, which are captive-bred for their fur and exhibit strong 589 
selection on the star gene, favouring tame over aggressive behaviour (i.e. they became 590 
domesticated) (Belyaev et al. 1981). Along the same lines, commercially-bred big cats are 591 
selected for their tolerance to human contact (Hunter et al. 2013), although the impact on their 592 
gene pool has not been clarified. Animals in captivity are also subjected to very strong selection 593 
for desirable phenotypes, be those larger body size, or lighter coat colours as is the case with 594 
lions (Milner et al. 2007).  595 
The second driver of change in captive populations is genetic drift (Keller & Waller 2002) or 596 
random changes in allele frequencies over generations. Dramatic changes in allele frequencies 597 
over generations (even fixation) is much more notable or problematic in small populations 598 
(Allendorf & Luikart 2007). Specifically, genetic drift results in a loss of heterozygosity and 599 
allelic diversity, and often also a reduction in individual fitness. Of importance is that (mildly) 600 
deleterious alleles may become fixed through a random process, resulting in a high frequencies 601 
of semi-deleterious gene variants (Miththapala et al. 1991, Hedrick & Fredrickson 2010). 602 
Inbreeding (i.e. mating amongst related individuals) is also more likely to occur in captive 603 
populations because of their often small sizes, decreasing genetic diversity even further (Mills & 604 
Smouse 1994, Frankham et al. 2002, Keller & Waller 2002). Animals suffering from inbreeding 605 
depression have reduced reproduction and survival rates (Hayward & Somers 2009) and can by 606 
no means be used for managed breeding programmes (Allendorf & Luikart 2007). Therefore, we 607 
attempt to understand how genetic diversity in four lion breeding facilities is influenced by 608 
captivity, and to determine how prevalent inbreeding is in these facilities. 609 
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Somewhat surprisingly, the levels of inbreeding in the four captive lion breeding facilities 610 
studied here is low, and comparable to wild populations. In a study by Dubach et al. (2013), the 611 
level of inbreeding in 13 Lion Conservation Units (LCUs) across Southern and Eastern Africa 612 
was determined to be low (ranging from -0.099 to 0.228), showing that LCUs, if correctly 613 
managed can maintain low levels of genetic diversity. In lions, inbreeding depression has led to 614 
high cub mortality, abscesses on the body, low hormone production, reduced immune-615 
competence, and decapitated sperm cells (Wildt et al. 1987, Packer et al. 1991, Trinkel et al. 616 
2008). White lions are specifically inbred: in an Italian zoological garden, out of 19 cubs born 4 617 
were stillborn, 13 died within a month, and 1 was euthanatized because of difficulty with 618 
grasping food. Six of the lion cubs also showed strong facial malformations (Scaglione et al. 619 
2010). The average expected heterozygosity in populations are a relatively good indicator of the 620 
overall fitness of populations, and whether they potentially have enough diversity to adapt to 621 
changing environments (Frankham et al. 2002). Similar to the low levels of inbreeding, all four 622 
captive facilities have higher than expected levels of heterozygosity, with all four facilities 623 
returning expected heterozygosity values of more than 60%; values higher than those reported 624 
for a number of wild populations (see table 2). The same is also true for the number of alleles per 625 
population. This is a surprising result considering that these captive lions are part of small, 626 
isolated populations. These lions on captive facilities are essentially isolated, and breeding 627 
populations are often started with relatively few individuals. In this respect, these facilities 628 
mimic the Gir Forest lion population, which was similarly founded by relatively few individuals 629 
with low levels of natural migration in an out of the population (because of the isolated nature of 630 
the Gir Forest population) (Singh & Gibson 2011). Lions in the Addis Ababa zoo also show high 631 
levels of inbreeding (Bruche et al. 2013), and low diversity. As such, these captive facilities in 632 
South Africa are unexpectedly healthy. Some speculation exists regarding the origin of these 633 
lions in captivity, with some authors suggesting that captive lions are a mixture of West and/or 634 
Central Africa and South African animals (see Hunter et al. 2013, Bertola et al. 2015). We are 635 
unable to assess the origin of these lions because raw microsatellite data for wild African lion are 636 
not available (journals do not always require authors to make microsatellite data open access, as 637 
is the case for sequence data that are lodged with public repositories). However, our Bayesian 638 
assignment analyses show that populations on facilities are relatively pure, with low levels of 639 
admixture within facilities. This, to some extent, argues against hybrid origins for animals on 640 
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single facilities. It is possible that the two genetic groups (facilities 1, 2, and 3 versus 4) have 641 
different geographic origins, but within a facility, animals are pure. 642 
Genetic drift and inbreeding depression has affected many endangered species (Crnokrak & Roff 643 
1999, Bijlsma et al. 2000, Brook et al. 2002), and large felids are no exception. For example, in 644 
the endangered cheetah (Acinonyx jubatus), a population bottleneck led to almost complete 645 
homozygosity of certain loci (Merola 1994). The sperm counts in ejaculates of cheetahs were 646 
found to be ten times lower than that of related felid species, and 70% of the spermatocytes were 647 
morphologically abnormal (O’Brein et al. 1983). In Florida panthers (Puma concolor coryi), 648 
genetic drift and inbreeding led to several detrimental traits such as cryptorchidism (in 56% of 649 
Florida panthers one or both testes are absent), kinked tails, cowlick backs, congenital heart 650 
defects, heart murmurs (in 80% of Florida panthers compared to 4% for other pumas), and the 651 
poorest semen quality measured in any felid population (Roelke et al. 1993).  652 
Overall, lions in captive facilities displayed little phenotypic and / or morphological anomalies, 653 
with one or two exceptions. When comparing the weight of lions in captivity to lions in Kruger 654 
National Park, we see that male lions in captivity weigh an average of 39 kg more compared to 655 
those in the wild (in the wild lions weigh on average 190 kg and in captivity they weigh on 656 
average 229 kg). When comparing females, lions in captivity weigh 26 kg more than lions in the 657 
wild (in the wild lions weigh on average 126 kg and in captivity they weigh on average 152 kg) 658 
(Skinner & Chimimba 2005). In captivity, lions are fed on a regular basis, and enclosure sizes 659 
are small, restricting the amount of movement, resulting in weight gain (Kleiman et al. 2010). 660 
Similar findings in terms of weight gained were reported for Mexican wolves (Fredrickson & 661 
Hedrick 2002). For the purpose of trophy hunting, lions on captive breeding facilities are 662 
biologically symmetrical.  663 
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Chapter 3 664 
Translocations in captive populations 665 
 666 
Introduction 667 
 668 
A central goal in conservation genetics is to evaluate the genetic health of small and/or 669 
endangered populations, and to make recommendations about improving genetic diversity. One 670 
of the ways to counteract the negative effects of small populations is to introduce new genes into 671 
the population by means of translocations (Trinkel et al. 2008). The IUCN defined translocations 672 
as the deliberate movement of animals from one area to another, or one part of the range to 673 
another (Jule et al. 2008, IUCN/SCC 2013). Translocations provide a way in which isolated 674 
small populations can be managed in a metapopulation framework, thereby ensuring the 675 
maintenance of adequate levels of genetic diversity (see Karsten et al. 2011). This approach is 676 
used in lion population management (Miller et al. 2015). For instance, lions were translocated 677 
into the Hluhluwe-iMfolozi Park (HiP) to assist in the recovery of the population that suffered 678 
from severe inbreeding depression (Trinkel et al. 2008). The initial population was founded by 5 679 
individuals in the 1960s, which subsequently increased to 140 individuals by 1987. Over time, 680 
genetic diversity in the HiP population became compromised, and resulted in low cub survival, 681 
increased susceptibility to disease, and malformations such abscesses (Trinkel et al. 2008, 2011). 682 
To counteract this, 16 lions from Pilanesberg National Park and Madikwe Game Reserve were 683 
translocated into HiP. The translocation was considered a success and all translocated individuals 684 
survived (Trinkel et al. 2008). Ongoing monitoring of the population reported a recovery with no 685 
higher cub survival and the absence of phenotypic malformations (Trinkel et al. 2011). 686 
Lions are somewhat unique in the cat family given that animals form prides that are composed of 687 
fission-fusion units, which results in constant changes in both size and composition of the pride. 688 
Prides are generally made up of related females and their cubs, with unrelated transient males 689 
that join prides (Schaller 2009). Males are polygynous and mate with more than one female in 690 
the pride (Clutton-Brock 1988). The natural behaviour of lions maintains genetic diversity, 691 
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resulting in an increase in genetic relatedness among individuals given that the unrelated 692 
individuals do not join populations. The aim of this Chapter is to study the impact of 693 
translocations (intensity and gender of animals translocated) on lion populations. Our results can 694 
inform the management of captive lion breeding facilities, and even conservation management of 695 
wild populations. 696 
 697 
Methods and materials 698 
 699 
We used the same data as generated for Chapter 2. The software SimuPop (Peng & Kimmel 700 
2005) was used to simulate changes in genetic diversity over time for the four captive breeding 701 
facilities. The simulations were run to investigate long term changes in genetic variation testing 702 
five different hypothetical scenarios. (1) No translocations between captive breeding facilities, 703 
(2) only females are translocated between captive breeding facilities (see below for more detail), 704 
(3) only males are translocated between captive breeding facilities (see below for more 705 
information), (4) only one male is translocated from one facility to every other facility, and (5) 706 
only one female is translocated from one facility to every other facility. For scenarios 2 and 3, 707 
translocation matrices were built based on the number and the gender of individuals on these 708 
facilities. For example, facility 1 has a total of 23 lions, of which 7 are males and 16 are females 709 
(see table 1 in Chapter 2 for details of the other facilities). For scenario 2 (only females are 710 
moved between facilities), 5 females were moved to facility 2, 5 to facility 3, and 6 to facility 4 711 
(see table 8). These numbers were based on the number of females available on facility 1 that 712 
could be translocated, and the number moved to a facility was a random number between 2 and 6 713 
(never exceeding the total number of individuals available to be translocated). By doing this, our 714 
simulations are based on possible real-life scenarios, and therefore reflect realistic outcomes. The 715 
same was done for males (see table 9). The five scenarios were each simulated five times. Each 716 
simulation was run for 45 generations.  717 
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Table 8: Translocation matrix showing how many females were moved from each facility to 718 
every other facility.  719 
Facility 1 2 3 4 
1 0 5 5 6 
2 2 0 2 3 
3 3 3 0 3 
4 6 6 6 0 
Table 9: Translocation matrix showing how many males were moved from each facility to every 720 
other facility.  721 
Facility 1 2 3 4 
1 0 2 2 3 
2 2 0 1 1 
3 0 1 0 1 
4 8 8 10 0 
The effect of each translocation scenario on genetic diversity was quantified using IBS (identity 722 
by state), which determines whether alleles in a population are identical-by-decent or not. An 723 
IBS value of 0 indicates no similarity in alleles while a value of 1 means all the alleles in the 724 
population identical (i.e. loss of all genetic diversity, or fixation of the alleles; Anderson et al. 725 
2010). 726 
The default settings in SimuPop (Peng & Kimmel 2005) were slightly modified for our 727 
simulations. We chose a polygamous mating scheme and specified a mutation rate of 10
-3
. Given 728 
that no specific mutation rate for large cats has been published, we chose a value that is midway 729 
between the highest and lowest values published for mammals (Driscoll et al. 2002). Mutation 730 
rates affect IBS scores, a lower mutation rate would give higher IBS values, and vice versa for 731 
higher mutation rates; as such our results based on average mammal mutation rates provide some 732 
indications, and may vary depending on the species-specific mutation rates. Importantly though, 733 
the same mutation rate is specified for each of the simulation scenarios and as such, different 734 
scenarios are directly comparable.   735 
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Results 736 
 737 
General trends for the different scenarios were observed across all the facilities with different 738 
numbers of individuals in the breeding programmes (from n=11 to n=44). Here we use facility 1 739 
to give an overview of these trends. Facility 1 has an intermediate number of animals on the 740 
facility (n=23) comprising of 7 males and 16 females. In the absence of any translocations 741 
(scenario 1), we see a steep increase in the value of IBS, with 2 of the replicates reaching an IBS 742 
value of 1 indicating fixation of alleles (see figure 11a). For scenarios 2 (female translocations, 743 
see figure 11b) and 3 (male translocations, see figure 11c), the loss of genetic diversity is slower, 744 
with similar outcomes (both simulations result in IBS values around 0.6 after 45 generations). 745 
When single males or females were translocated between facilities (scenarios 4 and 5; see figures 746 
11d to 11i), the IBS value steadily increases and tends towards 1, but the time it takes for alleles 747 
to become fixed is slower than for scenario 1 (no translocations). Scenarios 1 to 5 are shown in 748 
figures 12 to 16 below.  749 
It is clear that the overall size of the breeding facility has a notable impact on the outcome of the 750 
simulations, with smaller populations reaching fixation quicker than larger facilities. Specially, 751 
facilities 2 and 3 had only 11 individuals in the breeding programmes, and here fixation was 752 
almost always reached irrespective the number of individuals translocated into the facilities (see 753 
figures 13 to 16). On the other hand, fixation was never reached in facility 4 with 44 lion in the 754 
breeding programmes, even when no translocations took place (see figure 12 to 16), although 755 
one of the simulations did approach fixation. 756 
The number of individuals translocated into facilities also had some impact on the simulation 757 
results (compare figures 13 to 16 and 14 to 15). In general, if larger numbers of individuals were 758 
translocated into facilities, IBS values increased more slowly compared with scenarios where 759 
fewer individuals were translocated (see figures 13 to 16).  760 
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Figure 11: The effect on identity by state on lions in facility 1 over 45 generations when a) no 761 
translocations occurred on the facility, b) only females were translocated into the facility, c) only 762 
males were translocated into the facility, d-f) only one male from one other facility was 763 
translocated into the facility, g-i) only one female from one other facility was translocated into 764 
the facility. Each simulation was repeated 5 times with the number of generations shown on the 765 
x-axis and the value of IBS shown on the y-axis.  766 
a) b) c) 
d) e) f) 
g) i) h) 
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Figure 12: Scenario 1 showing the effect on identity by state with no translocations between 767 
facilities in a) facility 1, b) facility 2, c) facility 3 and d) facility 4.  768 
b) 
c) d) 
a) 
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Figure 13: Scenario 2 showing the effect on identity by state of female only translocations on 769 
lions in a) facility 1, b) facility 2, c) facility 3 and d) facility 4.  770 
c) 
b) a) 
d) 
50 
 
Figure 14: Scenario 3 showing the effect on identity by state of male only translocations on lions 771 
in a) facility 1, b) facility 2, c) facility 3 and d) facility 4.  772 
a) b) 
c) d) 
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Figure 15: Scenario 4 showing the effect on identity by state of only one male translocated from 773 
one facility to every other facility. Figures a-c show a male from facility 1 translocated to every 774 
other facility, d-f shows a male from facility 2 translocated to every other facility, g-i shows a 775 
male from facility 3 translocated to every other facility and j-l shows a male from facility 4 776 
translocated to every other facility.  777 
a) b) c) 
g) 
j) 
d) 
k) l) 
h) i) 
e) f) 
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Figure 16: Scenario 5 showing the effect on identity by state of only one female translocated 778 
from one facility to every other facility. Figures a-c show a female from facility 1 translocated to 779 
every other facility, d-f shows a female from facility 2 translocated to every other facility, g-i 780 
shows a female from facility 3 translocated to every other facility and j-l shows a female from 781 
facility 4 translocated to every other facility.  782 
a) b) c) 
j) 
d) 
k) l) 
h) i) 
e) f) 
g) 
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Discussion 783 
 784 
The introduction of new genetic material into populations is of utmost importance to maintain 785 
genetic diversity; this is especially important when considering small and isolated populations 786 
(Frankham 2008). Given all the known detrimental effects that arise in small populations after 787 
prolonged periods of isolation (Miththapala et al. 1991, Keller & Waller 2002, Hedrick & 788 
Fredrickson 2010), reintroduction programmes are a popular tool to recover wildlife populations. 789 
Lion populations are dwindling across their range and reintroductions have already been 790 
successfully used as a tool to restore populations (Trinkel et al. 2008). 791 
Population reestablishment programmes typically involve wild animals that are translocated 792 
between protected areas as opposed to captive-born animals that often fail to survive in the wild 793 
(Hayward et al. 2007a, Jule et al. 2008, Hunter & Rabinowitz 2009). However, as an increasing 794 
number of species become threatened in the wild, ultimately because of dwindling population 795 
numbers, innovative and bold management decisions may be required to ensure survival. These 796 
may include an increased reliance on captive animals to supplement wild populations. 797 
Notwithstanding the origin of translocation animals, a thorough understanding of the impact that 798 
translocations will have on population genetic diversity will assist in deciding the number of 799 
individuals that are required to ensure the genetic health of populations. There are naturally a 800 
wide range of considerations when planning translocations (as discussed in Jansen van Vuuren et 801 
al. 2017), however, these fall outside the scope of this study. The aim here was specifically to 802 
assess the impact that various translocation scenarios (from no translocations, single individuals, 803 
multiple individuals, and gender-specific translocations) has on the loss of genetic diversity over 804 
time. We used real-life data, obtained from four captive lion breeding facilities, and simulated 805 
possible outcomes from various translocation scenarios. For example, previous studies suggested 806 
that the translocation of males would have a greater benefit to the translocation of female lions 807 
(see e.g. Trinkel et al. 2008). We believe that these results will contribute to translocation 808 
decision making. 809 
It is well known that smaller populations lose genetic diversity (especially allelic diversity) at a 810 
much faster rate than larger populations (Lynch et al. 1995, Woodroffe 1998, Allendorf & 811 
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Luikart 2007). Our results confirmed these findings, where the facilities with smaller numbers of 812 
individuals (n=11 individuals) reached fixation much sooner than larger facilities. This is 813 
especially evident under the scenario of no translocations, where the two smallest facilities 814 
reached IBS scores of 1.0 within 20 or less generations, compared with the largest facility with 815 
44 lions, where fixation of alleles did not occur even after 45 generations. The effect that the 816 
process of translocations has on genetic diversity is also dependent on the number of individuals 817 
being translocated into each facility. If we only translocate one individual into a facility, we 818 
reach fixation sooner than if two or more individuals are translocated into the facility. 819 
It is clear that translocations of animals between closed populations is essential to maintain 820 
genetic diversity and prevent, or in the least to slow down, the loss of alleles. However, it is 821 
vitally important to keep in mind the biology of the species, and to tailor-build translocation 822 
strategies around species. Because of the social structure of lion prides, it was generally assumed 823 
that the translocation of males would increase genetic diversity more so than the translocation of 824 
females (Trinkel et al. 2008, Schaller 2009). In contrast, our results suggest that the beneficial 825 
outcome of translocations is somewhat independent from the gender of the animals translocated. 826 
One of the conundrums in conservation biology is whether to manage populations as single large 827 
populations, or rather as several small populations (Ovaskainen 2002, Tjørve 2010). Various 828 
arguments can be made to support or refute each of these management options. One of the main 829 
criticisms of several smaller populations is that genetic diversity is lost at a faster rate compared 830 
to single larger populations (Frankham 2008). The management of populations in a 831 
metapopulation framework addresses these concerns, where individuals are then translocated 832 
between populations. Previous work on black rhino in KwaZulu-Natal have shown that genetic 833 
diversity is maintained over a large number of generations provided individuals are exchanged 834 
between populations (Karsten et al. 2011). Here we report similar findings where even on the 835 
smallest of the captive lion breeding populations (where n=11 lions), fixation of alleles can be 836 
delayed for several generations if individuals are moved between facilities (compared with a 837 
scenario where no individuals are translocated into the populations). Of concern is that we do see 838 
an IBS score of 1 for many of the simulation scenarios even when individuals are translocated 839 
into these facilities. This would suggest that there is a minimum population size where, even in 840 
the presence of translocations, alleles become lost in populations simply because of random 841 
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stochastic drift in allele frequencies. These smaller populations should ideally be merged into 842 
larger populations to ensure ecologically and biologically sustainable populations (as was done 843 
for oribi antelope; see Jansen van Vuuren et al. 2017). 844 
Translocations and reintroductions have become more common in recent years, however, more 845 
often than not, post-translocation monitoring has not been conducted due to limited time and 846 
budgets (Jule et al. 2008). If post-translocation monitoring took place, it mostly involved 847 
behavioural assessments and whether animals produce their first offspring in a new habitat 848 
(Mathews et al. 2005). In terms of genetic diversity, genetic assessments of the animals 849 
translocated into the facility and their effect on the genetic diversity should be an integral 850 
component of post-release monitoring (Schwartz et al. 2007).  851 
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Chapter 4 852 
Conclusions & Recommendations 853 
 854 
As wild populations are gradually decreasing in size, captive populations could form an 855 
important platform from which to launch initiatives to conserve the genetic potential of species 856 
(Allendorf & Luikart 2007). Managed breeding programmes for the conservation of endangered 857 
species are designed to preserve genetic diversity within populations by minimizing kinship, and 858 
between populations by avoiding maladaptive hybridization and outbreeding (Wedekind 2002). 859 
The ultimate goal of any captive breeding programme must be to reintroduce species/populations 860 
back into their wild habitats (Snyder et al. 1996). However, there are complications related to 861 
captive breeding that could have unintended negative consequences for management 862 
(behavioural, physiological, genetic). Of relevance here is genetic changes in captive populations 863 
in relation to wild ancestors (Hayward & Somers 2009, Hunter et al. 2013). The first aim of my 864 
study was to determine whether there is a major loss of genetic diversity and inbreeding present 865 
in captive breeding facilities. My results clearly indicated high levels of genetic diversity and 866 
low levels of inbreeding across four captive breeding facilities with very different numbers of 867 
individuals in the breeding programmes. The second aim was to determine whether there is a 868 
correlation between genotypic data and phenotypic traits. The results show that from a genetic 869 
perspective, there was no impact on phenotypic traits. 870 
A major problem that arises from reintroducing captive-bred animals back into the wild, and 871 
specifically large carnivores, is a low survival rate (Ford 2002, Jule et al. 2008, Hunter & 872 
Rabinowitz 2009). A lack of fear for humans, disturbed social dynamics, insufficient hunting 873 
techniques, and the lack of predator-avoidance behaviour (i.e. interspecific competition) are 874 
some of the most prominent causes of mortality in the wild (Jule et al. 2008). Commercially-bred 875 
lion cubs are hand-reared and habituated to humans, which makes reintroduction back into the 876 
wild even more unlikely to succeed (Hunter et al. 2013). Another relevant cause of death is 877 
disease outbreaks that occur when captive-bred animals, which are exposed to different 878 
pathogens, come in contact with wild populations, and pathogens can be spread from wild to 879 
captive, or captive to wild animals (Jule et al. 2008). 880 
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In the absence of hunting skills and set home ranges, reintroduced large felids have the tendency 881 
to cause human-wildlife conflicts through predation on livestock and roaming outside reserves 882 
(Jule et al. 2008). Even more troublesome is that the lack of fear for humans can lead to these 883 
animals getting killed or them killing humans (Miller et al. 1999). In India, reintroduced tigers 884 
and leopards originating from captive (often privately kept) populations have been repeatedly 885 
documented to kill humans shortly after their release (Dattatri 2011). Athreya et al. (2011) 886 
showed that even translocated wild leopards are more likely to attack humans due to habituation 887 
acquired during their short span of captivity. Prior to a translocation programme in India, about 888 
four leopard attacks occurred annually. After capturing problem leopards (i.e. that attacked 889 
livestock or moved close to human settlements) and releasing them in more isolated places, this 890 
number increased to 17 attacks per year. Because many characteristics selected for in captive 891 
populations have proved disadvantageous in natural environments, genetically manipulated 892 
animals should not be mixed with wild populations (Ford 2002, Allendorf & Luikart 2007, Araki 893 
et al. 2007). However, tigers from captive breeding facilities in South Africa have shown the 894 
skills necessary for hunting and have successfully hunted despite being bred in captivity 895 
(Fàbregas et al. 2015). 896 
In addition, in the case of lions, it is generally believed that Africa still harbours enough healthy 897 
wild populations to serve as source population for reintroduction programmes (Hunter et al. 898 
2013). In fact, some private game reserves contain too many lion prides within their fenced 899 
borders to be sustainable (Hayward et al. 2007b). Mainly in South Africa, most reserves are too 900 
small to maintain multiple lion prides, which has led to extensive management, trading in excess 901 
lion, hunting of males and contraception in females (Bauer et al. 2018). Thus far, no lion 902 
originating from commercial breeding farms has been reintroduced back into the wild (Morell 903 
2007, Hunter et al. 2013). Nevertheless, it has often been mentioned that commercially-bred 904 
lions can eventually be used for reintroduction programmes to restore wild populations, thereby 905 
validating the contribution of breeding facilities to conservation (Guo 2009, Hunter & 906 
Rabinowitz 2009).  907 
A final concern with captive breeding and the use of captive-bred animals in conservation 908 
efforts, is that hybridisation of established subspecies often occurs (Ebbehøj & Thomsen 1991). 909 
For conservation management, hybrids cannot be used for breeding programmes or released back 910 
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into the wild, because genetic purity and unique alleles are lost (Snyder et al. 1996, Soltis & 911 
Gitzendanner 1999). Out of approximately 20 000 tigers that live in zoos, breeding farms, 912 
circuses and private homes worldwide, only 1 000 individuals are included in managed breeding 913 
programmes designed to preserve genetic diversity of subspecies. All tigers originating from 914 
commercial breeding farms are of unknown origin or hybrids, due to which international 915 
conservation programmes refuse their inclusion (Tilson & Nyhus 2009). A study based on 916 
subspecies diagnostic genetic markers revealed that out of 105 tigers examined, 52 had mixed 917 
subspecies origin (Luo et al. 2008). 918 
If a reintroduction programme for lions is considered (Hunter & Rabinowitz 2009), it should 919 
generally meet the following criteria: (1) the target species is (critically) endangered; (2) 920 
reintroduction is the last resort to save the species from extinction; (3) wild individuals are 921 
unavailable as a source for translocation; (4) the captive-breeding programme is primarily 922 
designed for reintroduction, which requires specific strategies and planning. The only known 923 
wild cat reintroduction programmes that meet all criteria are for the Iberian lynx (Lynx pardinus) 924 
and Amur leopard (Panthera pardus orientalis). These animals are considered as the most 925 
endangered felid species and subspecies in the world (Hunter et al. 2013). Specific management 926 
strategies and research techniques are applied to their captive-breeding programmes, based on 927 
the species’ life history, nutrition, veterinary aspects, genetic health, ecology and reproductive 928 
physiology. The captive conditions resemble the natural situation as much as possible with 929 
minimum level of stress and no close contact with humans (Vargas et al. 2008, Hayward & 930 
Somers 2009). Currently, none of these aspects are applied in lion breeding facilities. The third 931 
aim of my study was to determine the effect that translocations would have on the genetic 932 
diversity of four captive breeding facilities. My results have illustrated how important 933 
translocations are to maintain genetic diversity, and further can be used to inform translocation 934 
management processes. 935 
From this study, we can see that lions on certain captive breeding facilities are genetically 936 
diverse and show no visible signs of disease or malnutrition. It is also evident that translocations 937 
of lions will help to control genetic diversity and prevent inbreeding. This however may not be 938 
the case for all lions on captive breeding facilities, and therefore doesn’t mean that captive 939 
breeding of lions should be a common practice. The ultimate fate of lions in captivity is their use 940 
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as trophies and for cub petting and other tourist activities, despite what is portrayed to the 941 
general public (Hunter & Rabinowitz 2009). The use of lions as a fail-safe for when lion 942 
populations are declining and the benefits of captive breeding for conservation of the species is 943 
the only way to keep breeding facilities up and running. However, with all the literature cited in 944 
this dissertation, it is evident that further research is warranted to fully understand the impact that 945 
captive breeding has had on these lions. There are currently no studies that prove that lions from 946 
captivity can be released into the wild and will breed and hunt successfully. Therefore, the main 947 
question to be answered about captive breeding of lions in South Africa is: has captivity altered 948 
the adaptability of lions? Further studies are recommended to answer this question. In order to 949 
understand if there is any impact on the adaptability of lions in captivity, we have to take a closer 950 
look at the genetic structure of lions in captivity and compare it to lions in the wild. The idea is 951 
to use quantitative trait loci to isolate and compare adaptive genes (genes associated with fitness) 952 
of wild and captive lions. This will help to inform conservation management programmes 953 
involving breeding critically endangered animals in captivity to prevent them from adapting to a 954 
captive environment. In the field of quantitative conservation genetics many genes are involved 955 
in the expression of certain phenotypic traits. These traits are often involved with the survival of 956 
the species, and understanding and identification of the genes will assist to answer many 957 
important ecological questions (Stinchcombe & Hoekstra 2008). Understanding the evolutionary 958 
history behind these traits will allow us to understand its impact on phenotypic and genotypic 959 
diversity (Allendorf & Luikart 2007). Studies on bees using quantitative conservation genetics 960 
has shown the enhancement of certain traits to improve the bee’s ability to resist parasitic 961 
infections (Harbo & Harris 1999), and increase honey production (Bienefeld et al. 2007). As 962 
mentioned above, certain factors affect animals more so in closed populations such as inbreeding 963 
and adaptation to captivity. According to Frankham (1999) these effects are quantitative traits 964 
and therefore we can further study them to understand how they impact animals in captivity and 965 
how we can enhance the genes involved in these traits to have lions in captivity less susceptible 966 
to the effects of inbreeding and adapting to captivity. 967 
968 
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Table S1: PCR program set up for all samples over all markers. 1381 
Step number PCR step Temperature Time Number of 
cycles 
Step 1 Denature 94 C 2 min 1 
Step 2 Denature 94 C 30 s 30 
Anneal 
Elongate 
50 C 
72 C 
30 s 
2 min 
Step 3 Elongate 72 C 10 min 1 
Step 4 Hold 4 C Hold Indefinite 
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